Horizontal path correction of optical beam propagation presents a severe challenge to adaptive optics systems due to the short transverse coherence length and the high degree of scintillation incurred by propagation along these paths. The system presented operates with nearly monochromatic light. It does not require a global reconstruction of the phase, thereby eliminating issues with branch points and making its performance relatively unaffected by scintillation. The systems pixel count, 1024, and relatively high correction speed, in excess of 800 Hz, enable its use for correction of horizontal path beam propagation. We present results from laboratory and field tests of the system in which we have achieved Strehl ratios greater than 0.5.
limited to ~1 Hz due to the SLM response time. This article discusses a coherent light AO system based on a quadrature Twyman-Green interferometer operating at a wavelength of 1.5 µm and at speeds in excess of 800 Hz through atmospheric turbulence. 5, 6 The technique mixes an atmospheric probe beam with a large amplitude reference beam, allowing it operate in a photon-noise limited regime even in the case of large scintillation. It does not require a global reconstruction of the phase, making it much less sensitive to phase residues. 5 These attributes make this approach to phase conjugation much more robust than conventional AO systems employing ShackHartmann wave-front sensors for applications involving coherent light propagation through strong turbulence.
In section II, the experimental layout of the phase conjugate engine is presented along with a description of its operation. Section III details the experimental characterization and operation of the system with Kolmogorov phase screens in a laboratory setting. Section IV details the experimental characterization and operation of the system in a field test with atmospheric turbulence. These results are then summarized in the V and final section.
II. EXPERIMENTAL LAYOUT
The optical layout of the IR system is shown in Fig. 1 . It consists primarily of an interferometric wave-front sensor, a MEMS-based spatial-light-modulator built by the Boston Micromachines Corporation (BMC), an Erbiumdoped fiber laser built by HRL laboratories and computer hardware/software to analyze the wave-front and implement the phase correction. The system was designed for open-loop operation, however, a closed-loop arm exists such that the wave-front camera can be aligned precisely with the MEMS-based spatial light modulator and either configuration can be used simply by blocking the remaining beam path. The laser source is an Erbium-doped fiber laser operating at 1530 nm. The laser has two independently triggerable arms, which output nearly transformlimited pulses of 1 ns duration and pulse energies of 7 µJ and 100 nJ for the probe beam and the reference beam, respectively.
Polarization components are utilized in the system to form the two interferograms with a π/2 phase shift between them and also to control the relative signal levels in the arms of the interferometer. The reference beam passes through a quarter wave-plate converting the linearly polarized light into circularly polarized light. The reference beam is mixed with the probe beam after the probe beam has traversed the aberrating medium, atmosphere or Kolmogorov phase screens, and passed through a half wave-plate to rotate the polarization such that equal components of horizontal and vertical fields in the probe beam are combined with the circularly polarized reference beam. A Wollaston prism is then used to angularly separate the horizontal and vertical polarizations of the reference and probe beams into the two interferograms with a π/2 phase shift between the reference beams in the two separate interferograms. 
III. LABORATORY EXPERIMENTAL RESULTS
The ability of the phase conjugate engine to correct phase aberrations was initially tested in the laboratory using three phase plates to represent the atmospherically induced aberrations. The phase plates were designed to produce a Kolmogorov turbulence spectrum, thereby simulating atmospheric propagation. In order to test the system performance, the phase plates were first characterized on the IR system after fabrication. Once the phase plate characterization was complete, a quantitative analysis of the phase conjugate engine was performed. The phase plates were mounted on a common axis such that the plates could be rotated transverse to the optical axis to simulate transverse wind velocity and to test the temporal performance of the phase conjugate engine.
The plates were first characterized by measuring the aberrated phase profile passing through the phase plates and subsequently unwrapping the phase. This task was accomplished by taking a large number of interferograms, ~3000, as the phase plates were rotated. The interferograms allowed the determination of the twodimensional wrapped (modulo-2π) phase across the input aperture of the system. Before the parameters used to describe the turbulence spectrum could be determined, the phase had to be unwrapped. The phase was unwrapped using a minimum weighted discontinuity method. 7 This technique partitions the wrapped phase profile into two connected regions, separated by discontinuity curves. The algorithm then raises the phase in one of the regions by 2π, thereby reducing the weighted sum of the discontinuities. This process is repeated until no further partitioning is possible. Once the unwrapped phase has been recovered, the parameters and scaling relations used to describe the turbulence spectrum can be determined. One such scaling relation is the phase structure function, D φ (r). The phase structure function is defined by D φ (r) = <|φ(x)-φ(x+r)| 2 >, which for a Kolmogorov turbulence spectrum can be expressed analytically as D φ (r) = 6.88(r/r o ) 5/3 , in the limit r>>(λL) 0.5 . In this expression, r o is the Fried parameter or transverse coherence length and λ and L are the wavelength and propagation length, respectively. 8 The phase structure function is constructed by comparing the phase at a given location to the phase at an increasing distance from that location. A median average over 3000 such structure functions, collected while the plates were rotating, is shown in Fig. 2 . Again there is a close fit between the slopes of the experimentally averaged structure functions and the analytic structure function expected from a Kolmogorov turbulence spectrum. In this case, the solid black line represents the experimentally measured data and the solid and dashed gray lines represents analytic Kolmogorov fits for a Fried parameter of 1.0 mm and 1.3 mm, respectively.
Figure 2 Phase structure function averaged over 3000 separate phase structure functions. The 3000 phase structure functions were calculated from the wrapped phases determined from 3000 sets of sine and cosine interferograms.
Once the phase plates were characterized, then the system performance was quantified, primarily by determining the Strehl ratio. The Strehl ratio was calculated by measuring both the point-spread-function (PSF) with a far-field camera and the near-field image of the probe beam with the wave-front camera. With these two measurements, the Strehl ratio was calculated and compared with the expected phase variances associated with a Kolmogorov turbulence spectrum. The near-field image of the probe beam after transmission through the phase plates was measured at the wave-front camera, which is in a conjugate image plane to the input aperture of the system. The near-field image was taken by temporarily blocking the reference beam. Using the far-field camera, the PSF was recorded as the adaptive optics system was measuring the wave-front. Fig. 3 shows the PSF for the uncorrected probe beam, Fig. 3a , and the corrected probe beam, Fig. 3b . With these two measurements, the Strehl ratio was calculated and compared with the expected phase variance associated with a Kolmogorov turbulence spectrum. 
IV. FIELD TEST EXPERIMENTAL RESULTS
The topology of the field test site was defined by rolling hills. The experiment was carried out across a valley between two of these hills, one of which contained the AO system and the other a 2-mirror retro-reflector. The AO system was slightly higher in elevation than the retro-reflector, with an approximate drop in elevation of 100 meters to the valley floor between the two hills. The roundtrip distance traveled by the probe beam was approximately 1.35 km, for a transit time of approximately 4.5 µs.
The turbulence over the propagation path was characterized by measuring the aberrated phase profile of the probe beam after passing through the atmosphere. A large number of interferograms, ~3000, were acquired at a frequency of ~580 Hz. These interferograms contained the information required to determine the two-dimensional, wrapped (modulo-2π), phase across the input aperture of the system. Before the parameters used to describe the turbulence spectrum could be determined, the phase was unwrapped using a minimum weighted discontinuity method as discussed in section III. 7 The phase structure function is constructed by comparing the phase at a given location to the phase at an increasing distance from that location. An average over 3000 such functions is shown in The performance of the AO system was again quantified by measuring the Strehl ratio. The Strehl ratio was calculated by measuring both the point-spread-function (PSF), with a far-field camera, and the near-field image of the probe beam, with the wave-front camera. The near field images were collected at a slightly delayed time by blocking the reference beam. Fig. 6 shows the PSF for the uncorrected probe beam, Fig. 6a , and the corrected probe beam, Fig. 6b . With these two measurements, the Strehl ratio was calculated and compared with the expected phase variance associated with a Kolmogorov turbulence spectrum. A sequence of 100 PSFs was taken and the absolute instantaneous Strehl ratios determined from these measurements, with the system on and off, as shown in Fig. 7 . The instantaneous Strehl ratios were averaged over the 100 frames to quantify the system performance. 
V. SUMMARY
In the laboratory, the phase conjugate engine achieved large improvements over the uncorrected, non-tiptilt corrected PSF resulting from propagation through the phase plates. This can be seen in Figure 3 which displays the measured point-spread-function for the adaptive optics system when the system is uncorrected and corrected, respectively. In the field test, the AO system achieved large improvements, ~8x, over the uncorrected PSF. The system successfully demonstrated the use of a large actuator number, 1024, MEMS-based SLM at speeds in excess of 800
Hz. This work demonstrates the potential of such SLMs to replace conventional deformable mirrors for applications requiring high Strehl ratios such as multi-conjugate and extreme AO systems, AO systems for extremely large telescopes and communications and imaging under conditions of strong turbulence.
